Food allergies have increased to epidemic proportions and result in significant morbidity and mortality. 1, 2 Despite their increased prevalence, current therapeutic strategies are limited by our incomplete understanding of the immunologic events that initiate and propagate type 2 inflammation. 3, 4 Classically, the development of food allergies is thought to occur through sensitization to antigens that results in priming of CD4
1 T H 2 cells characterized by their expression of IL-4, IL-5, IL-9, and IL-13. Through production of IL-4, T H 2 cells promote the development of antigen-specific IgE through class-switching of B cells, which ultimately mediates effector responses through mast cells in the setting of food allergy. [5] [6] [7] However, it remains unclear how antigen-specific T H 2 responses are initiated given that T H 2 polarization often relies on IL-4 signaling and that naive T cells are a poor source of IL-4. 8 One prominent hypothesis is that innate immune cell populations, including basophils, eosinophils, mast cells, or group 2 innate lymphoid cells (ILC2s) represent an early source of non-T-cell derived IL-4 that favors T H 2 sensitization to food antigens. 9, 10 Atopic dermatitis (AD) is a known risk factor for the development of food allergies. 11, 12 Skin barrier defects can contribute to the development of allergic inflammation at multiple epithelial barrier surfaces through epicutaneous antigen sensitization, [13] [14] [15] a process often referred to as the atopic march. However, how this cascade of inflammatory events at the skin leads to orchestration of an IgE-dependent food allergy process in the gut remains incompletely understood. To examine this, we have recently established an animal model in which food antigen sensitization on an AD-like skin lesion predisposes mice to IgE-mediated intestinal food allergy. 16, 17 Using this model system, we demonstrated that basophils infiltrate the skin in a thymic stromal lymphopoietin (TSLP)-dependent manner, promote T H 2 sensitization to food antigens, and promote development of IgE-mediated food allergy. Although TSLP-elicited basophils were both necessary and sufficient for the pathogenesis of food allergy, the precise molecular mechanisms through which basophils promote disease are not well understood. Importantly, our previous studies demonstrated that TSLP-elicited basophils rather than T H 2 cells are the dominant source of IL-4 in inflamed skin of patients with allergic dermatitis, 18 suggesting that TSLP-elicited basophils, through their production of IL-4, might mediate T H 2 sensitization to food antigens and the development of IgE-mediated food allergy.
Here, using an established model of epicutaneous food antigen sensitization to promote IgE-mediated food allergy, we demonstrate that IL-4-competent innate immune cells, consisting of basophils and eosinophils, readily accumulate in the skin in response to epicutaneous food antigen sensitization. Although our previous studies identified TSLP-elicited basophils to be important for the development of food allergy, IL-4-competent eosinophils were dispensable for both T H 2 sensitization to food antigens and the development of food allergy. Our data further show that coculture of IL-4-competent TSLP-elicited basophils together with dendritic cells (DCs) and naive T cells are sufficient to promote T H 2 polarization in an IL-4-dependent manner in vitro, whereas absence of basophil-intrinsic IL-4 production in vivo limits T H 2 responses and development of IgE-mediated intestinal food allergy. These results identify an important role for basophil-intrinsic IL-4 production in epicutaneous T H 2 sensitization to food antigens and associated pathogenesis of IgE-mediated food allergy. Together, this study provides important new insights into the therapeutic potential of targeting the TSLP-basophil-IL-4 axis in the context of AD and associated food allergy development.
METHODS Mice
Age-, sex-, and strain-matched control mice were used in all experiments. Wild-type (WT) C57BL/6, WT BALB/c, C57BL/6 Il4 2/2 , C57BL/6 4get, C57BL/6 OT-II, BALB/c DdblGATA (provided by Wolf-Dietrich Hardt, ETH Z€ urich, Zurich, Switzerland), and C57BL/6 Il4-39UTR mice (provided by Masato Kubo, Japan) were bred and housed in specific pathogen-free conditions at the central animal facility of the Medical School of the University of Bern. All animal experiments were performed in compliance with Swiss law and approved by the animal experimentation committee of the Canton of Bern.
Food allergy model
Mice were treated daily for 14 consecutive days with 2 nmol of MC903 (calcipotriol; Tocris Bioscience, Bristol, United Kingdom) in 20 mL of 100% EtOH on ears. One hundred micrograms of ovalbumin (OVA) in PBS was applied on dry ears after calcipotriol treatment. As a vehicle control, the same volume of EtOH and OVA was applied. All mice were challenged intragastrically with 50 mg of OVA on days 14 and 17.5 and killed 12 hours after the final oral antigen challenge. Starting 20 minutes after oral antigen challenge, mice were individually observed for a period of 30 minutes, and a clinical allergy score was assessed, as described previously. 16 Investigators were blind to treatment group conditions when scoring for allergy symptoms. Ear thickness was measured at indicated time points after treatment by measuring the entire width of the ear at the widest point in micrometers from the top of one stratum corneum to the top of the stratum corneum on the opposite side of the ear.
Flow cytometry
At necropsy, single-cell suspensions of small intestinal lamina propria, the skin, skin-draining lymph nodes, and the spleen were isolated. Cell For staining against intracellular antigens, cells were stimulated for 5 hours with 50 ng/mL phorbol 12-myristate 13-acetate and 500 ng/mL ionomycin in the presence of 10 mg/mL brefeldin A (Sigma-Aldrich, St Louis, Mo). Cells were first stained with antibodies against cell-surface antigens and then, after fixation with paraformaldehyde and saponin permeabilization, with fluorochrome-labeled anti-IFN-g and anti-IL-4 antibodies. All samples were acquired on an LSRII or LSRII SORP (BD Biosciences, San Diego, Calif) and analyzed with FlowJo software (Tree Star, Ashland, Ore).
Basophil-DC-T-cell cocultures
Bone marrow cells from WT C57BL/6 mice (5 3 10 6 cells/mL) were cultured in Mast Cell Medium (RPMI 1640, 15% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, 2.9 mg/mL glutamin, 50 mmol/L 2-mercaptoethanol, 1 mmol/L sodium pyruvate, 13 nonessential amino acids, and 10 mmol/L HEPES) containing recombinant TSLP (1 mg/ml; Amgen, Thousand Oaks, Calif) for 5 days, with medium replenished daily, to generate TSLP-dependent basophils in vitro. Bone marrow cells (0.5 3 10 6 cells/mL) were cultured in standard medium with recombinant GM-CSF (20 ng/mL; PeproTech, Rocky Hills, NJ) for 10 days to generate bone marrow-derived DCs. Sort-purified basophils (1 3 10 3 -1 3 10 5 cells/mL) were cocultured with sort-purified splenic OT-II CD4
1 T cells (1 3 10 6 cells/mL), OVA 323-339 peptide (1 mg/mL; New England Peptide, Gardner, Mass), and bone marrow-derived DCs (1 3 10 5 cells/mL) for 4 days. Where indicated, DCs were stimulated with LPS (100 ng/mL; Enzo Life Sciences, Farmingdale, NY) or papain (100 mg/mL; Calbiochem, San Diego, Calif), and the 96-well transwell system used was supplied by Corning Laboratories (Corning, NY).
ELISA, histology, and real-time RT-PCR
Measurement of TSLP levels in serum was performed with a commercially available DuoSet ELISA kit (eBioscience, San Diego, Calif). Total and antigen-specific serum IgE responses were measured, as described previously. 16 For histologic analysis, tissues were fixed in 4% paraformaldehyde and embedded in paraffin, and sections were stained with hematoxylin and eosin. Intestinal mast cells were stained with Naphtol AS-D Chloroacetate-specific esterase (Sigma-Aldrich), according to the manufacturer's instructions. RNA was isolated from indicated tissues by using TRIzol, according to the manufacturer's instructions (Molecular Research Centre, Cincinnati, Ohio). Genomic DNA was digested with DNase I (Ambion), and cDNA was generated with the Superscript III kit (Life Technologies, Grand Island, NY). Samples were run on an Applied Biosystems 7500 Real-time PCR system (Applied Biosystems, Foster City, Calif) with Quantitect Primer Assays (Qiagen, Hilden, Germany). Results were normalized to the housekeeping genes b-actin or glyceraldehyde-3-phosphate dehydrogenase (Gapdh), and the DD cycle threshold method was used for all analyses.
CD4 T-cell depletion
For CD4 T-cell depletion, mice were injected intraperitoneally on the indicated days with 200 mg of anti-CD4 antibody (GK1.5).
Statistics
Data were analyzed with GraphPad Prism 5 software (GraphPad Software, La Jolla, Calif). Results are shown as means 6 SEMs. Statistical significance was determined by using the Student t test and 1-way ANOVA with the Tukey multiple or Dunn multiple comparison test. Results were considered significant at a P value of .05 or less. The number of experiments performed is indicated at the end of each figure legend.
RESULTS
Epicutaneous food antigen sensitization is associated with infiltration of IL-4-competent innate immune cells IL-4 is an important player in the development of protective immunity to helminth parasites but also contributes to allergic inflammatory disorders. 8 The requirement for IL-4 in mediating food-induced allergic diseases has been demonstrated in animal models because targeting IL-4 signaling often prevents disease development (see Fig E1 in this article' s Online Repository at www.jacionline.org), 19 whereas enhanced IL-4 receptor signaling has a disease-promoting effect. 20 Given the importance of IL-4 signaling in the polarization of antigenic T H 2 cells and the pathogenesis of IgE-mediated food allergy, we comprehensively assessed the cellular sources of IL-4 in the context of epicutaneous antigen sensitization. To do so, IL-4 reporter (4get) mice 21 were treated topically with the vitamin D analogue calcipotriol (MC903) in the presence of OVA to induce an AD-like skin lesion. 16 Frequencies and total numbers of IL-4 enhanced green fluorescent protein (eGFP)-expressing cells in the skin were assessed by means of flow cytometry on the indicated days (Fig 1, A) . In response to epicutaneous food antigen sensitization, a population of non-T-cell IL-4 eGFP 1 immune cells expanded over time (Fig 1, B) . Flow cytometric analysis of the CD3 2 IL-4 eGFP 1 cell population revealed an expansion of eosinophils (Siglec-F
1
) and a marked accumulation of the c-Kit 2 Siglec-F 2 population in the skin (Fig 1, C) , whereas total numbers of c-Kit 1 cells (marker for mast cells) did not change over time. Further characterization of the c-Kit 2 Siglec-F 2 population revealed a cell-surface phenotype consistent with that of basophils characterized by the combined expression of CD49b and IgE (Fig 1, D) . Together, our data indicate that eosinophils and basophils are the primary sources of IL-4 in the context of a developing AD-like skin lesion and might promote optimal T H 2 polarization by providing an early source of IL-4.
Eosinophils are dispensable for both epicutaneous food antigen sensitization and development of IgE-mediated food allergy Basophils infiltrate the skin in response to mechanical or immunologic stress and are key orchestrators in the recruitment of eosinophils to sites of allergic inflammation, a hallmark of atopic disorders. 22, 23 In the context of food allergies, recent studies have demonstrated that ablation of basophil responses resulted in a significant decrease in recruitment of eosinophils to sites of antigen sensitization and protected mice from development of IgE-dependent and independent food-induced allergic disorders. 16, 24, 25 Given that both basophils and eosinophils are potent innate sources of IL-4 26 and that eosinophils often outnumber basophils at inflammatory sites, it is likely that basophilmediated infiltration of eosinophils to the skin might promote food antigen sensitization and the development of IgE-mediated food allergy.
To test the functional role of eosinophils in epicutaneous food antigen sensitization and associated development of IgE-mediated food hypersensitivity, DdblGATA mice deficient in eosinophils were epicutaneously sensitized with the model food antigen OVA on a developing AD-like skin lesion before oral food antigen challenge (Fig 2, A) . Similar to eosinophilsufficient mice, DdblGATA mice exhibited pronounced ear swelling (Fig 2, B) , histopathologic changes associated with AD-like inflammation (Fig 2, C) , and dermal infiltration of basophils in response to topical calcipotriol treatment (Fig 2, D) . Oral food antigen challenge of epicutaneously sensitized WT and DdblGATA mice resulted in comparable measures of food allergy signs, as assessed by a clinical allergy score (Fig 2, E) . Furthermore, in response to antigen feeding, OVA-specific IgE (Fig 2, F) and mouse mast cell protease 1 levels in the serum (Fig 2, G) did not significantly differ in eosinophil-sufficient or deficient mice with food allergy.
Because intestinal mast cell numbers often correlate with disease severity in models of experimental food allergy, 20 we assessed mast cell accumulation in the small intestinal lamina propria of mice with food allergy. Flow cytometry was used to quantify mast cells (CD45 
, and IgE

1
) in the small intestinal lamina propria of control mice or WT and DdblGATA mice with food allergy, revealing a comparable increment in mast cell frequencies in both WT and DdblGATA mice with food allergy (Fig 2, H and I ). Visualization and enumeration of mast cells in chloroacetate esterase-stained jejunal sections corroborated flow cytometric observations, with comparable mast cell accumulation predominantly in the small intestinal lamina propria of WT and DdblGATA mice with food allergy (Fig 2, J and K) .
Together, despite a significant infiltration of IL-4-competent eosinophils in response to AD-associated inflammation, eosinophils were dispensable for the pathogenesis of IgEmediated food allergy.
Basophil-derived IL-4 is required for optimal T H 2 polarization in vitro
Depletion of TSLP-elicited basophils has been reported to reduce T H 2 cell induction in mouse models of both helminth infection and allergic inflammation. 16, 24, 27, 28 Although depletion of eosinophils did not significantly alter the development of type 2 immune-mediated food-induced allergic responses, targeted depletion of basophils has been shown to impair T H 2 sensitization to food antigens and the onset of intestinal food allergy. 24 These findings provoke the hypothesis that basophils can directly modulate the T H 2 response independently of eosinophils. To test how basophils promote T H 2 polarization, we sort-purified TSLP-elicited basophils from bone marrow cultures and cocultured basophils or DCs with carboxyfluorescein succinimidyl ester-labeled CD4
1 OT-II T cells. Although DCs cultured with OVA induced robust proliferation of OT-II T cells, TSLP-elicited basophils alone were not capable of promoting antigen-specific T-cell proliferation, as assessed by using carboxyfluorescein succinimidyl ester dilution (see Fig E2 in this article's Online Repository at www.jacionline.org).
Given the importance of IL-4 in T H 2 polarization, we next assessed whether basophil-intrinsic IL-4 production is required for optimal T H 2 cell induction in vitro. To do so, we cocultured TSLP-elicited basophils from the bone marrow of either WT-or IL-4-deficient mice together with DCs and CD4
1 OT-II T cells. As a control, DCs were cocultured with CD4
1 OT-II T cells alone (Fig 3, A) . IL-4 as a marker of T H 2 polarization and IFN-g production as a measure of T H 1 differentiation were assessed in T cells in response to antigen stimulation. In line with previous reports, 29, 30 IL-4-sufficient basophils drove robust T H 2 cell induction in the presence of antigen and DCs with increasing basophil numbers, resulting in higher IL-4 1 T cell percentages, as well as corresponding decreases in T cell-specific IFN-g production (Fig 3, B) . In contrast, IL-4-deficient basophils were unable to promote IL-4 expression by CD4
1 T cells, suggesting that basophilintrinsic IL-4 secretion is critical for optimal T H 2 polarization in vitro (Fig 3, C) . Strikingly, basophils were capable of limiting IFN-g expression by CD4
1 T cells independent of IL-4 signaling, suggesting that other basophil-derived factors can regulate T H 1 polarization (Fig 3, C) .
Basophils and DCs undergo reciprocal interactions to promote T H 2 differentiation in vitro
We next investigated the mechanisms by which DCs and TSLPelicited basophils cooperate to induce T H 2 cell differentiation. To address whether cell-cell contact is required, we used a transwell system. As observed before, coculture of TSLP-elicited basophils with DCs and T cells in the same well resulted in induction of IL-4 and inhibition of IFN-g by CD4 1 T cells (Fig 4, A) . However, physical separation of basophils from DCs and T cells resulted in reduced T H 2 cell polarization, as indicated by a decrease in IL-4 expression and an increase in IFN-g expression by CD4
1 T cells when compared with cultures in which basophils were not physically separated from the other cell types (Fig 4, B) . Intriguingly, when DCs were added to TSLP-elicited basophils in the transwell and cultured as before with CD4
1 OT-II T cells, T H 2-polarizing conditions were more favorable than when basophils were alone in the transwell (Fig 4, B) . Together, these data demonstrate that DCs and TSLP-elicited basophils cooperate directly through contact-dependent cell-cell interactions to drive optimal T H 2 cell polarization in vitro.
Given that DCs and TSLP-elicited basophils cooperate in promoting T H 2 cell differentiation through contact-dependent mechanisms, we next investigated potential reciprocal interactions between DCs and basophils. To do so, we cocultured TSLP-elicited basophils and DCs for 24 hours and assessed surface expression levels of costimulatory molecules on DCs involved in T-cell activation. Incubation of DCs with the Toll-like receptor 4 agonist LPS or the cysteine protease papain resulted in upregulation of CD86, CD40, and OX40L, a costimulatory marker that is required for optimal T H 2 cell Conversely, coculture of DCs with TSLP-elicited basophils had no effect on CD86 or CD40 expression on DCs (see Fig E3, A and B) but did increase OX40L expression (Fig 4, C) . Importantly, physical separation of TSLP-elicited basophils from DCs using a transwell system completely ablated the upregulation of OX40L expression on DCs, thereby demonstrating that this observation occurs independently of soluble factors and requires cell-cell contact (Fig 4, C) . In addition, we investigated the effects of DCs on TSLP-elicited basophils and found that basophils that were cocultured with DCs produced significantly higher levels of IL-4 than basophils cultured alone (Fig 4, D) . Using intracellular flow cytometry, we confirmed that basophils were the sole source of IL-4 in these cocultures (data not shown). Taken together, these data highlight important interactions between DCs and TSLP-elicited basophils whereby the 2 cell types cooperate synergistically to induce optimal T H 2 cell differentiation in vitro.
Basophil-intrinsic IL-4 production promotes epicutaneous antigen sensitization and development of IgE-mediated food allergy
Although our in vitro studies strongly suggest an important role for basophil-derived IL-4 production in the polarization of T H 2 cells, we wanted to address the role of basophil-intrinsic IL-4 in T H 2 sensitization to food antigens and the associated development of IgE-mediated food allergic responses in vivo. To do so, WT or Il4-39UTR mice that exclusively lack IL-4 production in basophils 32 were epicutaneously sensitized to OVA, as described previously. 16 In the absence of basophilderived IL-4 production, Il4-39UTR mice exhibited reduced skin inflammation, as assessed histologically (Fig 5, A) and measured by ear swelling compared with WT mice (Fig 5, B) . Consistent with reduced skin inflammation, we observed a significant reduction in the frequencies of basophils (CD45 ) isolated from the skin of Il4-39UTR mice compared with control mice (Fig 5, C and D) that were characterized by a lower mean fluorescence intensity of basophil-bound IgE (Fig 5, E) . Furthermore, type 2 cytokine production of ex vivostimulated skin-draining lymph node cells was significantly higher in WT control mice compared with Il4-39UTR mice (Fig 5, F) , suggesting that basophil-intrinsic IL-4 production might contribute to epicutaneous food antigen sensitization.
To assess whether reduced T H 2 sensitization in Il4-39UTR mice alters disease outcome of IgE-mediated food allergy, WT and Il4-39UTR skin sensitized mice were challenged intragastrically with OVA. Strikingly, although WT mice exhibited an increased allergy score in response to oral food antigen challenge, Il4-39UTR mice demonstrated reduced clinical signs of food allergy in response to oral food antigen challenge (Fig 6, A) . In the absence of basophil-intrinsic IL-4 production, serum antigenspecific IgE (Fig 6, B) and mouse mast cell protease 1 (Fig 6, C) levels were significantly reduced in Il4-39UTR mice compared with their WT counterparts, whereas serum levels of TSLP did not differ between groups (Fig 6, D) . Given that small intestinal mast cell numbers correlate with symptom severity in mouse models of IgE-mediated food allergy, 16, 20 we next assessed the accumulation of mast cells in the small intestine. Consistent with a reduction in symptom severity (Fig 6, A) , small intestinal mast cell accumulation was significantly reduced in Il4-39UTR mice compared with WT control mice, as assessed by using flow cytometry (Fig 6, E and  F) . Mmcp1 expression levels in the small intestine (Fig 6, G) , as well as visualization and enumeration of chloroacetate esterasepositive mast cells in small intestinal tissue sections (Fig 6, H  and I ), corroborated our flow cytometric findings with Il4-39UTR mice exhibiting a significantly reduced accumulation of mast cells in the small intestine. Of note, targeting basophil responses after epicutaneous food allergen sensitization did not result in depletion of intestinal mast cells.
These data indicate that reduced intestinal mast cell burden in experimental settings in which basophils are depleted during the sensitization phase is not an off-target effect of basophil depletion models on intestinal mast cells (see Fig E4 in IL-4 production favors epicutaneous food antigen sensitization and promotes the pathogenesis of IgE-mediated experimental food allergy.
DISCUSSION
The present study provides 4 conceptual advances that broaden our understanding of how TSLP-elicited basophils promote epicutaneous T H 2 sensitization to food antigens and concomitant development of food allergy. First, we demonstrate that eosinophils and basophils are the predominant IL-4-competent cells accumulating in the skin in response to epicutaneous food antigen sensitization. Second, we find that in contrast to basophils, eosinophils are dispensable for the development of food allergy in response to epicutaneous sensitization to food antigens. Third, we identify that TSLP-elicited basophils and DCs undergo Error bars indicate means 6 SDs. **P < .01 and ***P < .005.
reciprocal interactions to promote optimal T H 2 polarization in an IL-4-dependent manner. Fourth, we highlight that basophil-derived IL-4 is critical for both skin sensitization to food antigens and the development of IgE-mediated food allergy. Collectively, these findings indicate that basophil-intrinsic IL-4 is important to promote the progression of allergic inflammation from the skin to distant mucosal sites, such as the gastrointestinal tract. Basophils, representing less than 1% of peripheral blood leukocytes, have been shown to play crucial and nonredundant roles in the immune system. 33, 34 The finding that basophils readily generate large quantities of T H 2 cytokines, including IL-4, has provided new insight into the possible role of basophils in providing immunity to pathogens and the development of allergic disease. [35] [36] [37] Until recently, basophils have been demonstrated to contribute to the pathogenesis of food-mediated allergic disorders by regulating other immune cells, including T cells, B cells, or mast cells, likely through their production of IL-4. 16, 24, 25, 38 Basophils have been historically thought to be late-phase effector cells that migrate to inflammatory sites in response to established T H 2 immune responses. However, recent studies have highlighted heterogeneity in basophil populations, with TSLP-elicited basophils playing a central role in induction of T H 2 cytokinemediated immunity and inflammation and IL-3-elicited basophils exhibiting more classical basophil functions, such as degranulation and histamine production in response to FcεRI cross-linking. 28 Although IL-3 is predominantly produced by activated T cells, TSLP is readily accessible from stressed epithelial cells, resulting in rapid TSLP-mediated basophil infiltration to sites of inflammation likely to promote a T H 2-permissive environment. 39 Because previous studies highlighted that IL-3-elicited basophils from bone marrow progenitors were able to induce T H 2 polarization in the presence of DCs and cognate antigen in an IL-4-dependent manner, 40 we here tested the T H 2-polarizing capacities of TSLP-elicited basophils. Similar to IL-3-elicited basophils, we demonstrate that TSLP-dependent basophils are not sufficient to induce antigen-specific T H 2 polarization on their own but do cooperate with DCs to effectively drive T H 2 cell differentiation in an IL-4-dependent manner. Surprisingly, although T cells cocultured with DCs and IL-4-deficient basophils were not able to efficiently generate IL-4, T cellderived IFN-g production as a readout for T H 1 polarization production was reduced in response to co-culture with both IL-4-sufficient and deficient basophils. Exogenous administration of recombinant IL-4 to IL-4-deficient basophil-DC-T-cell co-cultures suppressed T cell-derived INF-g production only partially, suggesting that other factors in combination with soluble IL-4 are responsible for a global suppression of IFN-g from activated T cells in this system (data not shown).
Consistent with previous reports, we show that direct cell-cell contact between DCs and TSLP-dependent basophils results in upregulation of OX40L expression on DCs. 31 Strikingly, coculture of basophils with DCs alone had a significant positive effect on basophil-intrinsic IL-4 production, highlighting a previously unrecognized crosstalk between basophils and DCs. Similar to studies demonstrating that cooperation exists between granulocytes and DCs in driving T H 1 immune responses, 41 our findings show that reciprocal and cooperative interactions between TSLP-dependent basophils and DCs are necessary for optimal T H 2 cell induction in vitro.
Atopic disorders are often associated with the presence of IL-4-competent innate immune cells in the inflammatory infiltrate, and increased numbers in the circulation often appear to correlate with disease activity. 42 Studies in human subjects and mice demonstrated that IL-4-competent cells, including eosinophils, basophils, or ILC2s, accumulate in lesional AD skin, likely to promote a T H 2-permissive environment. 18, 43, 44 Given the importance of IL-4 for T H 2 polarization and AD being a risk factor for the development of food allergy, we here assessed the recruitment of IL-4-competent immune cells in the skin in response to AD-like disease development. We found that in early stages of AD-associated skin inflammation, the majority of IL-4-competent immune cells are of non-T-cell origin, with eosinophils and basophils representing the major populations. Although we and others have reported a critical role for TSLP-elicited basophils in the pathogenesis of food-induced allergic disorders, 16, 24 the mechanisms by which TSLP-elicited basophils promote disease are poorly understood. Given that basophil ablation in these experimental settings was associated with a decrease in eosinophil recruitment to sites of inflammation, it was critical to assess whether eosinophils are downstream effector cells of basophils. Importantly, eosinophils can rapidly secrete preformed T H 2-initiating cytokines that might contribute to T H 2 polarization and associated antigen sensitization.
45 Surprisingly, despite a significant accumulation of IL-4-competent eosinophils to sites of inflammation, absence of eosinophils did not alter AD-like skin lesion quality or the magnitude of food-induced allergic responses. Although we have not ruled out the contribution of eosinophils in later stages of disease, these data suggest that immediate food hypersensitivity responses are not dependent on eosinophils but rely on basophils in this experimental regimen. Although a previous study by Chu et al 46 elegantly demonstrated the requirement for indigenous eosinophils for the induction of T H 2 immunity to oral antigen, the nature of antigen sensitization, adjuvant used, or composition of the microbiota might explain differences observed in these model systems.
Recent studies demonstrated the requirement for ILC2-derived IL-4 to promote immunity to parasites and the development of allergic inflammation. 47, 48 In contrast to these studies, we did not observe an accumulation of IL-4-competent ILC2s at the site of antigen sensitization or challenge in our model system (data not shown). Our previous studies demonstrated that basophil responses precede ILC2 responses and that basophils are the dominant IL-4 eGFP-expressing cell type in mice with AD-associated skin inflammation. 18 Importantly, basophilmediated ILC2 expansion in the context of AD-associated skin inflammation was driven by IL-4. Similar findings were reported in a model of asthma in which mice reconstituted with IL-4-deficient basophils had fewer ILC2s in the lung, demonstrating that IL-4 from basophils is necessary for optimal ILC2 expansion in vivo. 32 Despite accumulation of ILC2s in the skin in response to topical calcipotriol treatment, 18, 43 these innate cells are not a primary source of IL-4 in our experimental regimen and might thus promote local tissue inflammation rather than T H 2 polarization. Therefore ILC2s can be critical in amplifying the effects of basophils on additional effector cells by their potent production of cytokines and chemokines. However, additional studies are required to investigate the importance of the basophil-ILC2 axis in epicutaneous T H 2 sensitization to food antigens and development of IgE-mediated food allergy.
To test a potential role for basophil-intrinsic IL-4 production in the context of food allergy, we sensitized Il4-39UTR mice that exclusively lack IL-4 production from basophils on an AD-like skin lesion before oral antigen feeding. Our findings illustrate that several cardinal features of IgE-mediated experimental food allergy, including T H 2 sensitization to food antigens, IgE synthesis, and mucosal mast cell expansion, are significantly reduced in Il4-39UTR mice compared with those in WT control mice. These data suggest that basophil-derived IL-4 production contributes to the pathogenesis of IgE-mediated food allergy by inducing antigen-specific T-cell responses. Interestingly, selective ablation of IL-4 in basophils was associated with reduced skin inflammation and infiltration of basophils in Il4-39UTR mice compared with WT control mice, suggesting that the local inflammatory environment further promotes basophil expansion. Importantly and consistent with previous reports, 25 we find that depletion of CD4 1 T cells in the context of epicutaneous antigen sensitization limits IgE production and protects mice from disease onset (see Fig E5 in this article's Online Repository at www.jacionline.org). Together, we propose a model in which basophil-derived IL-4 production is important for polarization of antigen-specific T H 2 cells, which are pathogenic effector cells in the setting of IgE-mediated experimental food allergy.
Despite the fact that basophils have been found in skin biopsy specimens of patients with AD and experimental studies have demonstrated the requirement for TSLP-elicited basophils in the pathogenesis of AD and food-induced allergic disorders, no basophil-specific therapeutics have been tested in human subjects to date. Of note, administration of benralizumab, a humanized anti-IL-5 receptor a antibody, significantly reduced asthma symptoms and lung function in patients with severe asthma by targeting eosinophils and basophils. 49, 50 However, whether the beneficial effects of benralizumab can be attributed to the basophil depletion requires further investigation. With AD being a risk factor for asthma and food allergy development, targeting the key factors that promote basophil activation and expansion in patients with AD might represent one approach to paralyze the allergic response to food antigens at multiple levels. In fact, clinical trials with dupilumab, an mAb to a subunit of the IL-4 receptor, show promising disease-limiting results in patients with AD and asthma. [51] [52] [53] Whether IL-4 receptor targeting in human subjects will result in prevention of the atopic march from AD to food allergy, asthma, and allergic rhinitis remains to be determined through prospective clinical trials.
In conclusion, by using an experimental model of food allergy that recapitulates many characteristics of human disease, our previous results and those reported herein provide an important rationale for targeting the TSLP-basophil-IL-4 axis in the context of AD to prevent its possible complications in the gastrointestinal tract. Error bars indicate means 6 SDs. **P < .01 and ***P < .005.
